Aggregation and increased phosphorylation of tau at selected sites ("hyperphosphorylation") are histopathological hallmarks of Alzheimer's disease (AD). However, it is not known whether the tau pathology has a primary role during neuronal degeneration. To determine the role of tau hyperphosphorylation in AD, pseudohyperphosphorylated tau (PHP-tau) that simulates disease-like permanent, high stoichiometric tau phosphorylation and mimics structural and functional aspects of hyperphosphorylated tau was expressed in neural cells. In differentiated PC12 cells, PHP-tau exhibited reduced microtubule interaction and failed to stabilize the microtubule network compared with exogenously expressed wild-type tau (wt-tau). During longer culture, PHP-tau exerted a cytotoxic effect, whereas wt-tau was neutral. PHP-tau-mediated cytotoxicity was associated with an induction of apoptotic cell death as characterized by chromatin condensation, DNA fragmentation, and caspase-3 activation in the absence of detectable protein aggregates. Furthermore, PHP-tau expression specifically sensitized the cells for other apoptotic stimuli (colchicine and staurosporine). Herpes simplex virus-mediated overexpression of PHP-tau induced degeneration associated with an induction of apoptotic mechanisms also in terminally differentiated human CNS model neurons. Partially pseudophosphorylated constructs caused an intermediate toxicity. The data provide evidence for a neurotoxic "gain of function" of soluble tau during AD as a result of structural changes that are induced by a cumulative, high stoichiometric tau phosphorylation. PHP-tauexpressing cells and organisms could provide a useful system to identify mechanisms that contribute to tau-mediated toxicity.
Abnormal tau processing and extensive neuron loss are neuropathological hallmarks of a family of heterogeneous neurodegenerative diseases collectively known as tauopathies (Lee et al., 2001 ). An example is Alzheimer's disease (AD), which is characterized by intracellular aggregates consisting of hyperphosphorylated tau protein in paired helical filaments (PHFs) and extracellular amyloid plaques composed of A␤. Abnormal phosphorylation of tau is considered one of the earliest signs of neuronal degeneration and appears to precede tau aggregation or amyloid formation (Braak et al., 1994) . However, it is not known whether tau hyperphosphorylation has a primary role during neuronal degeneration and which intracellular mechanisms are involved.
Hyperphosphorylated tau isolated from patients with AD exhibits a conformational change, an increased immunoreactivity with antibodies that detect phosphorylated epitopes in selected regions of the protein, and a functional loss to promote microtubule assembly (Lu and Wood, 1993; Alonso et al., 1994) . The transformation of tau into a hyperphosphorylated state appears to involve a concerted and sequential action of several kinases and phosphatases (Matsuo et al., 1994; Jicha et al., 1999b; Patrick et al., 1999) . Although few if any phosphorylation sites are unique to tau in PHFs (PHF-tau), the proportion of tau phosphorylation at any given site is significantly higher in PHF-tau than in biopsyderived normal tau protein (Matsuo et al., 1994; MorishimaKawashima et al., 1995) . Thus, the phosphorylation abnormality in PHF-tau appears to be an increase in the stoichiometry of phosphate incorporated at selected sites.
We have shown previously that mutated tau proteins in which serine/threonine residues (which are phosphorylated to a high extent in PHF-tau) were substituted with glutamate to create a pseudophosphorylation of these residues (PHP-tau) (see Fig. 1 A) mimic key structural and functional aspects of hyperphosphorylated tau protein Maas et al., 2000) . In particular, recombinant PHP-tau exhibits a decreased ␤-sheet and an increased ␤-turn content and displays a functional deficit to promote microtubule assembly in vitro, all of which features are characteristic for hyperphosphorylated tau protein . In addition, PHP-tau was deficient to interact with the dominant brain phosphatase 2A isoform AB␣C, no longer interacted with plasma membrane components, and exhibited a reduced aggregation into disease-like filaments (Eidenmüller et al., 2001) . Thus, the use of PHP-tau could provide a useful tool to analyze the consequences of a disease-like permanent and high stoichiometric phosphorylation state of tau protein in a neuronal context.
In this study, we expressed wild-type tau (wt-tau) and pseudophosphorylated tau constructs in differentiated PC12 cells and terminally differentiated, postmitotic human CNS model neurons to examine effects of a disease-like tau modification in neural cells. The cells were analyzed for the distribution of tau proteins, induction of cell death, and signs of neurodegeneration, which correlated with structural changes in tau protein. The results provide evidence for a toxic "gain of function" of disease-like modified tau, which was independent of aggregation of tau. The data suggest that PHP-tau-expressing cells provide a useful model for analyzing aspects of tau pathology suitable for the development of high-throughput screening strategies.
MATERIALS AND METHODS
Materials. Chemicals were purchased from Sigma (Deisenhofen, Germany); cell culture media and supplements were from Invitrogen (Gaithersburg, MD); and culture flasks and dishes were from Nunc (Roskilde, Denmark), unless stated otherwise. Collagen was prepared from rat tails by acetic acid extraction.
Construction of e xpression vectors. Eukaryotic expression plasmids for fetal human tau (352 residues) with a f used FL AG epitope, to allow identification of the expressed proteins, were constructed in pRc /cytomegalovirus (Invitrogen). PHP-tau was constructed by changing the codons for S198, S199, S202, T231, S235, S396, S404, S409, S413, and S422 to glutamate as described previously . As a control, an expression vector was constructed in which the same codons were changed to alanine (Ala-tau). In addition, two other expression plasmids for fetal human tau were constructed in which five residues in the proline-rich region (PP (P) -tau) or the C -terminal region (PP (C) -tau) were changed to glutamate. Viral vectors were produced by subcloning FL AG-epitope tagged wt-tau, PP (P) -tau, PP (C) -tau, and PHP-tau sequences encoding the fetal-specific 352 residues tau isoform or FL AGepitope tagged wt-tau and PHP-tau sequences encoding the adultspecific 441 residues tau isoform into herpes simplex virus (HSV)-1 expression vectors as described previously .
PC12 cell culture and transfection. PC12 cells were cultured in serumcontaining DM EM and transfected using Lipofectin as described previously (Brandt et al., 1995) . Individual clones were picked and propagated in serum-DM EM supplemented with 250 g /ml Geneticin on collagencoated culture dishes. For each construct, several independent clonal lines were selected that expressed comparable levels of the protein (ϳ10 7 molecules of tau per cell as judged by immunoblot analysis of cellular lysates). For differentiation, cells were seeded at 10 5 cells/cm 2 on collagen-coated surfaces in serum-free medium optimized for long-term neural culture [N B/ B27 (Brewer et al., 1993) ] in the presence of 100 ng /ml nerve growth factor (NGF) (7S mNGF; Alomone Labs, Jerusalem, Israel).
Tau-microtubule binding assay. PC12 cells (10 6 ) were differentiated for 2 d, scraped off the plate, collected by centrif ugation, resuspended in 20 l of prewarmed extraction buffer [0.1% (v/ v) Triton X-100, 0.1 M 1,4-piperazinediethanesulfonic acid / KOH, 1 mM MgSO 4 , 2 mM EGTA, 0.1 mM EDTA, and 2 M glycerol, pH 6.75] containing protease inhibitors (1 mM PMSF, 10 g /ml each of leupeptin and pepstatin, and 1 mM EGTA), and incubated for 8 min at 37°C, and the pellet and supernatant fraction was separated by centrif ugation (15 min at 15,000 ϫ g and 25°C). Equal amounts of pellet and supernatant fraction were separated by SDS-PAGE, blotted, and processed for immunodetection with anti-tau and anti-tubulin antibodies.
Culture of NT2-N neurons and infection with HSV-1. Terminally differentiated N T2-N cells were produced by in vitro differentiation of N T2 cells for 5 weeks, enriched by serial replatement, and treated with cytostatica as described previously (Piontek et al., 1999) . For all experiments, cells were used 1-2 weeks after cytostatica treatment. At this stage, the neurons were postmitotic and exhibited a polar cytoarchitecture as judged by an axon-specific tau staining. N T2-N neurons were seeded at 2500 or 5000 cells per squared centimeter on Matrigel (Becton Dickinson)-coated coverslips in serum-DM EM or seeded at 7500 cells per squared centimeter on Matrigel in four-well plates. Amplification and purification of HSV-1 constructs were performed as described previously . For all virus preparations, the ratio of amplicon to helper was close to 1:1 as determined by immunofluorescence microscopy. For immunocytochemistry, cells were cultured for 3 d and infected with virus to yield ϳ50% tau-expressing neurons. For immunoblot analysis, 7.5 ϫ 10 3 N T2-N neurons were seeded in Matrigelcoated four-well plates and infected after 3 d with virus.
Immunoc ytochemistr y and immunoblot anal ysis. C ells were fixed with 4% paraformaldehyde followed by permeabilization with Triton X-100 or using a combined N P-40-extraction -fixation protocol (Brandt et al., 1995) . Staining used monoclonal mouse antibody against the FL AGepitope (M5), monoclonal anti-rat antibody against tubulin (YL1/2) (K ilmartin et al., 1982) , C y3-coupled anti-mouse, and fluorescein isothiocyanate-coupled anti-rat antibody (secondary antibodies from Dianova). To stain nuclei, 5 g /ml 4,6-diamidino-2-phenylindole (DAPI) was included in the secondary antibody mixture. C ells were photographed using Neofluar lenses on a Z eiss Axioskop and a Leica TC S 4D laser-scanning microscope.
For immunoblot analysis, cells were lysed in RI PA buffer (50 mM Tris/ HC l, pH 7.5, 150 mM NaC l, 1 mM EDTA, 1% N P-40, 0.5% deoxycholate, and 0.1% SDS) containing protease inhibitors (1 mM PMSF, 10 g /ml each of leupeptin and pepstatin, 1 mM EGTA) and phosphatase inhibitors (1 mM sodium orthovanadate, 20 mM NaF, and 1 mM sodium pyrophosphate), incubated for 30 min at 4°C, and centrif uged for 10 min at 13,000 ϫ g, and the supernatant (lysate) was collected. After electrophoretic separation, gels were blotted and stained with antibodies against tau (Tau5; PharMingen, San Diego, CA), actin (Amersham Biosciences), ␣-tubulin (DM1A), and acetylated tubulin (6-11-B1). As secondary antibody, horseradish peroxidase-coupled goat anti-mouse antiserum (Jackson ImmunoResearch, West Grove, PA) was used. Detection used enhanced chemiluminescence (Amersham Biosciences) and was performed according to the manufacturer's protocol. Quantification of the blots was performed with a flatbed scanner (Agfa Studioscan IIsi) and the program N IH Image 1.61/ppc.
Electron microscopy. PC12 cells were scraped off the dish, collected by centrif ugation, fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4, and processed for ultrastructural analysis as described previously (Brandt et al., 1995) . Electron microscopy was performed on a Z eiss 10CR electron microscope at 60 kV.
Other methods. C ell toxicity was assessed by trypan blue exclusion of resuspended PC12 cells and by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) conversion assays. For MTT conversion assays, PC12 cells were cultured in triplicate in 96-well plates. MTT conversion was determined as described previously (Piontek et al., 1999) . When indicated, colchicine or staurosporine was added from a 100 mg /ml stock in ethanol (colchicine) or a 1 mM stock in dimethylsulfoxide (staurosporine).
Terminal deoxynucleotidyl transferase nick end-labeling (TUN EL) was performed using a commercial fluorescein apoptosis detection system (Promega, Madison, W I) according to the manufacturer's protocol and analyzed by visual inspection with 40ϫ Neofluar lenses on a Z eiss Axiophot.
For determination of caspase-3 activity, cells were scraped off the dish, collected by centrif ugation, distributed in aliquots containing 10 6 cells, and assayed using a colorimetric kit (C lontech, C ambridge, UK) according to the manufacturer's protocol. C aspase-3 activity was calculated from the difference without and with the caspase-3 inhibitor Asp-GluVal-fluoromethyl ketone and a standard curve established with the chromogenic product p-nitroanilide.
Comparison between experimental groups was based on paired Student's t test (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001).
RESULTS

Simulation of a disease-like tau hyperphosphorylation in cells
The phosphorylation abnormality in tau from patients with AD appears to be an increased stoichiometry and a decreased turnover of phosphate incorporated at selected sites. To analyze functional consequences of a disease-like state of tau protein in a neuronal context, wt-tau and PHP-tau ( Fig. 1 A) , which mimic key structural and functional aspects of hyperphosphorylated tau protein Maas et al., 2000) , were expressed in rat pheochromocytoma (PC12) cells. Stable PC12 clones that constitutively express human fetal wt-tau and PHPtau were produced. The constructs were epitope tagged with the FLAG sequence at the N terminus to distinguish them from endogenously expressed tau protein isoforms (Smith et al., 1995) . As a control, cell lines with the vector containing the FLAG but lacking tau sequence (vector control) were constructed. Individual cell lines were chosen that expressed wt-tau and PHP-tau at a comparable level as judged by immunocytochemistry with an anti-FLAG antibody ( Fig. 1 B) . Immunoblots of cellular lysates confirmed that the cell populations expressed tau to a similar level, which corresponded to an average of ϳ10 7 molecules of tau per cell (Fig. 1C) . At the conditions used, no endogenous tau was detected by immunoblot with anti-tau antibody (Tau5) (data not shown) because of the high expression level of exogenous tau and the fact that the antibody reacts better with human than with rat tau sequence . In cellular lysates, wt-tau and PHP-tau both separated as single bands (Fig. 1C, left) . Phosphatase treatment increased the mobility of wt-tau but not of PHPtau to the state observed for the recombinant proteins (Fig. 1C , right), indicating extensive phosphorylation of wt-tau in the mitotic cells that changes the conformation of wt-tau similar to that of PHP-tau. In growing cultures, no effect of the expressed protein on the survival of the cells or on the generation time was observed compared with a control line that was transfected with the vector construct lacking tau sequence (data not shown).
To determine the effect of wt-tau and PHP-tau in differentiated cells, the respective lines were treated with NGF in chemically defined medium (NB/B27). Under these conditions, the cells cease to proliferate, upregulate neuronal marker proteins, and establish neurites (Greene et al., 1991) . After induction of differentiation, the cells continued to express the tau constructs at a similar level (Fig. 2 A) . To analyze the interaction of tau with the microtubule skeleton, cells were processed using a combined extraction-fixation protocol and analyzed by laser-scanning microscopy. Both constructs showed a filamentous staining pattern, which colocalized with the distribution of microtubules in pro- 4 cells per squared centimeter on collagen-coated coverslips, fixed on the next day with 4% paraformaldehyde, and processed for immunofluorescence, as described in Materials and Methods, using a mouse monoclonal antibody against the FLAG-epitope (M5, top) and a rat monoclonal antibody against tubulin (YL1/2, bottom). C, Lysates corresponding to 2.5 ϫ 10 5 cells were loaded, separated by SDS-PAGE on 10% acrylamide, and detected with anti-tau (Tau5) antibody. To remove covalently bound phosphates, lysates were treated with 5 U of alkaline phosphatase overnight at 37°C. Scale bars, 10 m.
Figure 2. Expression and microtubule association of wt-tau and PHP-tau in differentiated PC12 cells. A, Fluorescence staining for exogenous tau expression in differentiated PC12 cells stably transfected with wt-tau and PHP-tau. B, Fluorescence staining for exogenous tau and cellular microtubules of differentiated wt-tau-and PHP-tau-expressing PC12 cells after a combined extraction-fixation protocol to demonstrate cytoskeletal association. Note the colocalization of tau and microtubules that is evident in growth cone-like structures (arrowheads). C, Immunoblot of cytoskeletally associated pellet ( P) and nonassociated supernatant ( S) fraction after fractionation of lysates from differentiated PC12 cells. Populations of tau phosphoisoforms with fast and slow electrophoretic mobilities are indicated. Fractionations were also performed in the presence of 10 M taxol to completely polymerize the microtubule network. D, Ratio of acetylated/total tubulin as determined by immunoblot analysis of cellular lysates from differentiated PC12 cells. Numbers are normalized to the ratio of acetylated/total tubulin in control cells (set as 1). For immunofluorescence analysis, cells were differentiated for 4 d with NGF, fixed using 4% paraformaldehyde ( A) or a combined NP-40 extraction-fixation protocol ( B), and processed for immunofluorescence using anti-FLAG (M5) and anti-tubulin (YL1/2) antibody as described in Materials and Methods. Scale bars, 10 m. For immunoblots, lysates corresponding to 0.5-1.5 ϫ 10 6 cells were loaded and detected with anti-tau (Tau5), anti-tubulin (DM1A), or anti-acetylated tubulin (6-11B-1) antibody. Quantifications were from four experiments using two independent clonal lines per construct. Mean and SE are shown.
cesses and growth cone-like structures (Fig. 2 B) , indicating that the expressed proteins were capable of interacting with the microtubule skeleton. To quantitate the extent of binding of tau to microtubules, cellular lysates were fractionated into cytoskeletally associated and nonassociated fractions. Wt-tau protein was present almost exclusively in the cytoskeleton fraction (Fig. 2C) . In contrast, the majority of PHP-tau was present in the supernatant, indicating that PHP-tau interacts less with the neural cytoskeleton. Treatment with taxol, which leads to a complete polymerization of tubulin, did not affect the distribution of wt-tau or PHP-tau, indicating that the different distribution was a property of the respective tau construct rather than a consequence of the assembly state of the microtubule skeleton. To determine a potential effect of the constructs on the stability of the microtubule network, the ratio of acetylated microtubules known to serve as a marker for stable microtubule subpopulations (Piperno et al., 1987) to total microtubule polymer was determined by quantitative immunoblotting. The relative amount of acetylated microtubules was approximately fivefold increased in cells expressing wt-tau protein compared with vector control cells (Fig. 2 D) . In contrast, no effect of the expression of PHP-tau was observed, indicating that the presence of PHP-tau is neutral with respect to the assembly state of the cellular microtubules. Taken together, the data indicate that PHP-tau shows a reduced interaction with microtubules and does not stabilize the microtubule network in cells as would be expected for tau species with an increased phosphorylation. No evidence for a direct effect of PHP-tau to induce microtubule destabilization was obtained.
Pseudohyperphosphorylated tau exerts cytotoxicity in differentiated PC12 cells
To determine a potential cytotoxic effect of tau expression in differentiated neural cells, wt-tau-or PHP-tau-expressing cells were differentiated with NGF at chemically defined conditions and processed for immunofluorescence after 3 and 7 d in culture. Under these conditions, most of the wt-tau-transfected cells survived and continued expressing tau protein (Fig. 3A, top) . In contrast, although many PHP-tau-expressing cells were still present after 3 d in culture, most of the cells appeared degenerated after 1 week, as judged by the absence of PHP-tau staining and presence of condensed nuclei with a strong immunofluorescence for the nuclear dye DAPI (Fig. 3A, bottom) . To quantify the survival of the cells, culture conditions were established in which ϳ50% of the initially plated control cells survived as judged by Trypan Blue exclusion. Under this condition, less than half as many PHP-tau-expressing cells survived compared with vectortransfected control cells or cells that express wt-tau (Fig. 3B) . As an independent measure, a bioassay (MTT assay) that detects mitochondrial activity reflecting the number of living cells gave very similar results (Fig. 3C) . The data indicate that PHP-tau exerts a cytotoxic effect in differentiated PC12 cells, whereas wt-tau was neutral in both assays.
To determine morphological alterations of cells as a result of the expression of wt-tau or PHP-tau, the ultrastructural appearance of cells was analyzed. Many PHP-tau-expressing cells (40% compared with 14 and 6% of wt-tau-expressing and control cells, respectively; 50 cells were evaluated for each PC12 line) showed multiple large aggregates of condensed chromatin in the nuclei (Fig. 4) , representing a late event in degenerating cells. We did not observe obvious intracellular aggregates or filamentous structures that may represent aggregated tau in any of the cells evaluated, suggesting that the observed cytotoxicity is caused by soluble PHP-tau rather than formation of tau aggregates.
The cytotoxicity of PHP-tau is associated with an induction of apoptotic mechanisms
To determine the mechanisms that are involved in the cytotoxicity of PHP-tau, TUNEL assays, which detect DNA fragmentation characteristic of apoptosis, were performed. More than 70% of PHP-tau-expressing cells but only 30 -40% of cells expressing wt-tau or control cells were TUNEL positive, suggesting that apoptotic mechanisms contribute to PHP-tau-mediated cell death Compared with wt-tau-expressing and vector control cells, PHP-tauexpressing cells showed chromatin condensation. No evidence for abnormal protein aggregates was observed in any of the lines analyzed. Cells were cultured in serum-free medium for 1 week after the induction of differentiation with NGF and processed for electron microscopy as described in Materials and Methods. Scale bars, 1 m. (Fig. 5A) . It is known that apoptosis is associated with an activation of the caspase cascade (Thornberry and Lazebnik, 1998) . To investigate a potential induction of this cascade, activation of an effector caspase (caspase-3) was analyzed in a colorimetric assay. In PHP-tau-expressing cells, a significant increase in caspase-3 activity was observed compared with wt-tau-expressing or control cells, indicating that PHP-tau directly triggers the apoptosis machinery in the cells (Fig. 5B) . In agreement, cleavage of an intracellular caspase-3 substrate, poly(ADP-ribose) polymerase (Smith, 2001) , was increased in cells expressing PHP-tau compared with control cells as judged by immunoblot analysis of cellular lysates (data not shown). To test whether PHP-tau may also sensitize the cells for other apoptotic stimuli, the effects of colchicine and staurosporine, which are known to induce apoptosis in different cell types (Lindenboim et al., 1995; Ivins et al., 1999) , were tested in similar survival assays. Both drugs led to a decreased survival compared with drug-free control cultures (Fig.  5C ). The decrease in the relative survival was significantly higher for PHP-tau-expressing cells compared with wt-tau-expressing or control cells. Taken together, the data suggest that the expression of PHF-like tau protein has two consequences for a cell: (1) it triggers apoptosis by activating the caspase cascade, and (2) it increases the susceptibility to other apoptotic stimuli.
Virus-mediated expression of pseudophosphorylated tau constructs induces neuronal degeneration in terminally differentiated human CNS model neurons
To test the effect of tau expression in a model of terminally differentiated and polar human CNS neurons, NT2-N neurons that express fetal tau isoforms were used (Pleasure et al., 1992; Piontek et al., 1999) . Because these neurons are truly postmitotic, they cannot be efficiently transfected by standard methods used for gene transfer in cell lines. Therefore, neurons were infected using a viral amplicon-based HSV-1 expression system with a panel of constructs coding for human fetal wt-tau, PHP-tau, and partially pseudophosphorylated tau constructs, where only residues in the proline-rich region (PP (P) -tau) or the C-terminal tail domain (PP (C) -tau) were mutated (Fig. 6 A) . In addition, a construct was prepared in which all 10 residues were mutated to alanine as a nonphosphorylatable tau protein control (Ala-tau). All constructs contained a FLAG-epitope tag fused to the N terminus of the tau sequence to distinguish them from endogenous tau. Tau was expressed to a high level in infected neurons as judged by immunoblot and immunofluorescence analysis (Fig.  6 B, C) . Depending on the number of infectious particles used for the experiments, Յ100% of NT2-N neurons expressed exogenous tau protein. To quantify the amount of expressed protein, the infections were adjusted to yield a ratio of ϳ50% of tauexpressing neurons, and cellular lysates were analyzed by immunoblot relative to a recombinant tau standard. All constructs were expressed to a similar extent, which corresponded to ϳ10 9 tau molecules present per infected cell (Fig. 6 B) . The constructs separated at different apparent molecular weights, indicating structural changes that were induced by the mutations and phosphorylation events in the cell as described previously (Eidenmül-ler et al., 2000 (Eidenmül-ler et al., , 2001 . The differences in mobility were abolished when SDS-gel electrophoresis was performed in the presence of urea (data not shown), indicating that they were caused by detergent-resistant conformational domains rather than by charge differences (Brandt et al., 1994) . At the cell number analyzed, no endogenous tau was detected by immunoblot analysis because of the high level of exogenous compared with endogenous tau expression.
HSV-1-mediated gene transfer in NT2-N neurons resulted in a transient expression of tau protein, which peaked after 1 d and could be detected Յ7 d after infection . To determine whether pseudophosporylated tau exerted cytotoxicity also in this model of terminally differentiated human neurons, NT2-N neurons were infected with the different constructs and analyzed 3-4 d after infection for signs of degeneration. In this condition, ϳ10% of wt-tau-expressing neurons showed condensed or fragmented nuclei as judged by nuclear staining with DAPI (Fig. 6C,D) . Very similar numbers were obtained for Alatau-expressing cells. In contrast, approximately three times as many PHP-tau-expressing neurons exhibited a change in nuclear morphology. The increase was highly significant, indicating that PHP-tau exerts a neurotoxic effect also in NT2-N neurons. The partially mutated constructs (PP (P) -and PP (C) -tau) showed intermediate ratios of neurons with signs of degeneration. To test whether the cytotoxicity of pseudophosphorylated tau associated with an induction of apoptotic mechanisms, TUNEL assays were performed. Similar to the results obtained for the analysis of changes in nuclear morphology, PHP-tau-expressing neurons exhibited an increase in the percentage of TUNEL-positive cells compared with wt-tau-or Ala-tau-expressing neurons (Fig. 6 E) . Again, the partially mutated constructs exhibited an intermediate effect.
In postnatal brain, longer isoforms of tau protein containing up to three additional exons are also expressed (Goedert et al., 1991) . To test whether pseudohyperphosphorylation of longer tau isoforms also exerts a cytotoxicity, constructs that corresponded to the fetal constructs were produced from the longest low molecular weight human tau isoform containing 441 residues (Fig.  7A) , expressed in NT2-N neurons, and analyzed for changes in nuclear morphology as described above. As an additional control for tau protein toxicity, a vector expressing lacZ as an unrelated protein was prepared. Many neurons expressing PHP-tau(441) showed condensed or fragmented nuclei, whereas most wttau(441)-expressing neurons exhibited an unchanged nuclear morphology. Quantification revealed that more than twice as many PHP-tau(441)-expressing neurons showed signs of degeneration compared with wt-tau(441) or lacZ-expressing neurons (Fig. 7B) .
Taken together, the results indicate that pseudophosphorylation of tau proteins induces cytotoxicity in human model neurons that is closely associated with an induction of apoptotic mechanisms. Furthermore, the data provide evidence that the gain of cytotoxicity of modified tau proteins corresponds to the degree of the structural change that is induced by mutations or phosphorylation.
DISCUSSION
We have shown previously that mutated tau proteins that were designed to mimic AD-like hyperphosphorylation (pseudohyperphosphorylated tau) mimic key structural and functional aspects of hyperphosphorylated tau protein Maas et al., 2000) , thus providing a model to analyze consequences of a disease-like state of tau protein in cells. Here, we demonstrated that, compared with wild-type tau protein, pseudohyperphosphorylated tau exhibits a reduced microtubule binding and is deficient to promote microtubule stabilization in transfected neural cells, similar to what would be expected for phosphorylated tau protein species. Furthermore, we showed that pseudohyperphosphorylated tau specifically exerts cytotoxicity in transfected neural cell lines and virus-infected human CNS model neurons. The cytotoxicity of pseudophyperphosphorylated tau was associated with the induction of apoptosis as characterized by chromatin condensation, DNA fragmentation, and activation of the caspase cascade.
Apoptosis is known as a common mechanism of neuronal death during development and disease (Mattson, 2000 ; Nijhawan al., 2000; Yuan and Yankner, 2000) . However, because of the chronic nature of AD, the relative contribution of apoptosis is difficult to assess. Previously, postmortem analysis of human brain has shown apoptotic DNA fragmentation in AD patients (Su et al., 1994; Lassmann et al., 1995; Smale et al., 1995) and elevated levels of caspase-3 activity (Gervais et al., 1999; Su et al., 2001 ). This suggests an important role of apoptosis during AD; however, other mechanisms may also contribute to the massive neuronal death. The proximal cause of neurodegeneration in AD remained unclear. A␤, the primary constituent of amyloid plaques, and the ␤ secretase cleavage product of amyloid precursor protein (APP) enhance apoptosis in cultured cell lines and neurons (Estus et al., 1997; Troy et al., 2000; McPhie et al., 2001) , and, in turn, APP is a substrate for caspase-3, thereby increasing the concentration of A␤ (Gervais et al., 1999) . Furthermore, mutated presenilins that cause familial Alzheimer's disease may increase neuronal vulnerability for apoptosis (Guo et al., 1997; Mattson et al., 2000; Alves da Costa et al., 2002) . Previously, it has been reported that apoptotic events can result in an increased tau phosphorylation (Zhang and Johnson, 2000; Mookherjee and Johnson, 2001) . Our data provide evidence that, in turn, hyperphosphorylated tau is itself capable of inducing apoptotic cell death in neurons. Because it is reported that A␤ can induce an increase in tau phosphorylation (Busciglio et al., 1995; Rapoport and Ferreira, 2000) , hyperphosphorylation of tau may link the cytotoxic effect of A␤ to neurodegeneration. Interestingly, recent data show that expression of mutant APP or injection of A␤ fibrils increases neurofibrillary tangle pathology of mice transgenic for tau mutations that have been found in certain tauopathies (frontotemporal dementia with Parkinsonism linked to chromosome 17) (Götz et al., 2001; Lewis et al., 2001 ). In addition, comparison of the effect of A␤ fibrils on hippocampal neurons prepared from wild-type, tau knock-out, and human tau transgenic mice provided evidence that tau is essential for A␤-induced neurotoxicity (Rapoport et al., 2002) . This provides additional evidence for a f unctional link between the effects of A␤, tau, and neurodegeneration.
Using ultrastructural analysis, we obtained no evidence for tau aggregation in degenerating cells that express pseudohyperphosphorylated tau protein, indicating that soluble pseudohyperphosphorylated tau without the need for previous aggregation is capable of inducing neurodegeneration. In fact, most evidence indicates that phosphorylation of tau is neutral toward or even inhibits tau aggegration in vitro (Goedert et al., 1996; Schneider et al., 1999; Eidenmüller et al., 2000) , which is opposite to what would be expected if tau aggregation would have a primary role in mediating neuronal death during AD. In addition, it appears unlikely that deficits in the microtubule-related activities of tau have a primary role during neurodegeneration because PHP-tau did not actively destabilize cellular microtubules (Fig. 2 D) , and treatment with the microtubule-stabilizing drug taxol did not reverse the increased death of PHP-tau-expressing PC12 cells (data not shown). Thus, the data suggest that pseudohyperphosphorylated tau protein gains a toxic function in neurons rather than mediates cell death via a simple "loss of function" mechanism. In this scenario, tau aggregation appears to be a side effect rather than being causally involved in the neurodegenerative process. But what causes tau to become toxic? One may speculate that a conformational change in tau that is induced by (pseudo)hyperphosphorylation converts tau to a neurotoxic agent. In fact, pseudohyperphosphorylated tau protein shows a reduced electrophoretic mobility in SDS-PAGE, indicating the presence of detergent-resistant conformational domains that have also been observed for hyperphosphorylated tau protein (Grundke et al., 1986; Eidenmüller et al., 2000) . Because partially pseudophosphorylated tau constructs induce an intermediate toxicity, this may indicate that the extent of neurotoxicity closely correlates with the degree of the structural change that is induced in tau protein. We have shown previously that modifications in the C-terminal domain induce structural changes in tau but are neutral with respect to the activity of tau on microtubules (Eidenmüller et al., 2001) . Because the same construct induces neurodegeneration in a cellular context, this provides evidence that structural changes rather than functional deficiencies cause the neurons to degenerate. This is in agreement with the finding that familial mutations in tau from frontotemporal dementia-17 cases, which are also characterized by the formation of tau aggregates and death of neurons, induce structural changes in tau protein (Jicha et al., 1999a) .
It is unclear which kinases and phosphatases are involved in phosphorylating tau to the degree observed in the disease. From the distribution of phosphates in hyperphosphorylated tau, it appears likely that hyperphosphorylation results from the concerted action of many kinases and phosphatases rather than from Figure 7 . Virus-mediated expression of adult PHP-tau in human model neurons induces neuronal degeneration similar to the fetal constructs. A, Schematic of adult wt-tau and PHP-tau constructs derived from the longest low-molecular weight tau isoform. The microtubule-binding repeats of tau are indicated by the thick white box. Adult-specific exons are shaded. B, Quantification of the percentage of condensed or fragmented nuclei from neurons infected with wt-tau, PHP-tau, or, as a control, lacZ. Similar to the fetal isoforms, the longest low-molecular weight adult PHP-tau also induces neuronal degeneration. Cells were plated, infected, fixed 4 d after infection, and processed for immunofluorescence as described in the legend of Figure 6 . The percentage of infected cells with condensed or fragmented nuclei was determined by visual inspection. Between 86 and 203 infected neurons from four sets of experiments were evaluated per construct. Experiments with independently prepared virus stocks for wt-tau and PHP-tau gave very similar results.
the activity of any individual kinase, which produces a more permanent, high stoichiometric phosphate incorporation that is simulated by the introduction of glutamate at selected sites. Our data using pseudophosphorylated constructs suggest that the cytotoxicity of tau results from structural changes that are caused by a cumulative effect of phosphate incorporation at several sites rather than from a single "hot spot" that, when phosphorylated, transforms tau into a toxic agent. This contrasts with the regulation of the interaction of tau with microtubules, which can be drastically influenced by the phosphorylation of single sites (Biernat et al., 1993; Drewes et al., 1995; Schneider et al., 1999) .
Taken together, our results indicate that apoptotic mechanisms may play a role not only in the end stage of AD but also in the presymptomatic progression of the disease, when tau is still soluble but phosphorylation at PHF sites can already be detected. Second, therapeutic interventions to prevent the gain of toxic function of hyperphosphorylated tau regardless of tau aggregation may provide a useful means to slow down the progression of AD. To further clarify the intracellular mechanisms involved in hyperphosphorylation-mediated neuronal death and to identify potential drugs that interfere with this process, MTT-based cell survival assays of PHP-tau-transfected PC12 cells promise to be of help in designing high-throughput screening strategies.
